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Nanofluidics: Viscous Dissipation in Layered Liquid Films
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We studied the layer-by-layer collapse of molecularly thin films of a model lubricant confined
between two atomically smooth substrates. The dynamics of the consecutive expulsion of four
molecular layers were found to slow down with decreasing film thickness but showed no evidence
for confinement-induced solidification. Using a hydrodynamic model, we show that the sliding friction
of liquid layers on top of the solid substrates is approximately 18 times higher than the mutual friction
between adjacent liquid layers. The latter was independent of film thickness and in close agreement with

the bulk viscosity.
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The ongoing miniaturization of both microelectrome-
chanical (MEMS) and microfluidic devices creates an
increasing interest in transport properties of liquids
near solid-liquid interfaces. For instance, the thickness
of liquid lubricant layers that protect MEMS from ex-
cessive friction and wear approaches molecular dimen-
sions [1]. In this regime, the structural and dynamical
properties of liquids deviate strongly from the extrapo-
lated bulk behavior in various respects: It was shown that
the classical hydrodynamic no-slip boundary condition
can be violated on the molecular scale [2]. For simple
liquids confined between atomically smooth solid sub-
strates, it was shown that the molecules arrange into
layers parallel to the surfaces [3—8]. These structural
modifications also affect the dynamics: At a thickness
of a few molecular diameters, drainage of liquid films
does not occur continuously, but in a series of discrete
steps [5], usually called layering transitions. Moreover,
frictional forces measured by shearing the confining
walls laterally were reported to increase strongly with
decreasing film thickness [6—8]. However, a consistent
picture of the dynamics in fluids at the boundary between
molecular motion and continuum flow has yet to emerge.

In this Letter, we analyze the dynamics of a series of
consecutive layering transitions in a surface forces appa-
ratus (SFA). We present experimental results recorded
with the recently developed imaging technique for the
SFA [9]. The data are interpreted in terms of a model for
fluid flow in thin films, which takes into account the
discrete layer structure.

The experimental setup consisted of two atomically
smooth mica sheets mounted in crossed cylinder geome-
try (see inset of Fig. 1). The mica sheets were silvered on
their back sides and thus formed a Fabry-Pérot interfer-
ometer. The instrument was illuminated with monochro-
matic light, the wavelength of which was adjusted to the
wing of one of the transmission peaks [10]. Using a video
microscope, we recorded two-dimensional video images
in transmission. Inside the contact zone, where the sub-
strates were flattened elastically, the liquid film was
trapped in a pore space of constant width. In order to
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assure that the mica sheets were indeed atomically
smooth (in particular free of contaminating nanopar-
ticles [11]), we recleaved the surfaces immediately prior
to the experiments [12] and verified the cleanliness by
atomic force microscopy. For the present study, we
used octamethylcyclotetrasiloxane (OMCTS), as a model
liquid with nonpolar quasispherical molecules (diameter
=~ (0.9 nm). OMCTS (98% pure) was obtained from
ABCR, Karlsruhe (Germany) and was used as received.
The residual water content was 3 ppm, as determined by
titration. After closing the SFA chamber in dry air, a
droplet (=10 uL) was injected into the gap between the
mica surfaces with a syringe. A small container of P,O5
inside the SFA chamber kept the atmosphere dry during
the experiments. Experiments were performed at a room
temperature of (22 = 1) °C.

A typical experimental run began by equilibrating the
surfaces at a separation of several hundred nanometers for
about 1 min. Then, we pressed them together with a con-
tinuously increasing load. While the surfaces approached
each other the liquid was expelled from the gap, first con-
tinuously and then in a stepwise fashion. Figure 1 shows
the transmitted intensity close to mechanical contact
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FIG. 1. Transmitted intensity during final stage of lubricant
expulsion. The loading rate was = 20 mN/ min. The maximum
load was 15 mN. Inset: Schematic of the experimental setup.
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averaged over an area of 10X 10 wm? in the center of the
contact area. Four discrete steps can be clearly distin-
guished. Between the steps, the intensity is approximately
constant. Using conventional numerical procedures for
multilayer thin film interferometry [10,13], we converted
the intensity to the thickness of the liquid layer. The
reduction of film thickness in each step was found to be
(0.95 = 0.1) nm. This shows that each step corresponded
to the expulsion of one layer of OMCTS molecules, as
expected based on earlier experiments [4—7]. The abso-
lute measurement of film thickness was less accurate.
Nevertheless, we can give upper and lower limits: For
two mica substrates in direct contact one typically ob-
serves strong adhesion. This was not the case in the
present experiments. Therefore there was at least one
layer of OMCTS present at the highest load. As for the
upper limit, the extensive literature on oscillatory force-
distance curves with OMCTS [4-7] indicates that films
with a thickness of n > 2 are not stable in the presence of
extensive surface flattening at pressures of =2 MPa, as
used in the present experiments. We are thus confident that
the minimum film thickness at the highest pressure was
either two layers or just one. In the following, we will
assume the latter.

In contrast to earlier SFA drainage experiments with
OMCTS [5], we were able to record two-dimensional
images of the dynamics during the expulsion process.
Figure 2 shows a series of images recorded during the
layering transition around ¢ = 15 s in Fig. 1. It is clearly
seen that a bright area of reduced film thickness (n — 1)
first appears close to the center of the contact zone and
then continuously spreads. Upon nucleation of the (n — 1)
island, the compressed mica substrates relax inward lo-
cally. The elastic relaxation of the wall material converts
the applied normal force into a force parallel to the
substrates that drives the liquid expulsion. The width of
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FIG. 2. Dynamics of layer expulsion. Series of images taken
around ¢ = 15 s in Fig. 1. Az between images: 0.3 s. Scale
bar: 25 um. The ellipsoidal contact zone is gray in the initial
state. The bright island appearing in the center is thinner by
one monolayer (=0.95 nm). (Video clips can be viewed at
www.wetting.de/sfa.html.)
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the boundary line between the n and the (n — 1) areas was
less than our optical resolution (=1 pwm). From contin-
uum elasticity theory, we expect that it is of the order of
the mica thickness, i.e., 400 nm in the present experi-
ments. Since the gap width assumes noninteger values
within this boundary zone, we expect that the layered
structure does not prevail there [14]. Figure 3 illustrates
this situation schematically for the layer expulsion pro-
cessn=3—n=2.

From the data in Fig. 2 and from the corresponding
images of other transitions, we extracted the average
radius r(r) = (A(r)/m)'/* of the area A(7) of thickness
(n — 1). Figure 4(a) shows the result for a series of four
consecutive layering transitions. As a function of film
thickness, the average speed of the boundary line as-
sumed values of 37 5—4), 32 4—3), 15 3—2),
and 3 um/s (2 — 1). This decrease indicates an increase
in friction. The corresponding average shear rates de-
creased from 7800 to 1600 s~ .

In order to extract quantitative information about the
viscosity of the liquid, we compared our results to a
theoretical model by Persson and Tosatti (PT) [1,15]. In
this model, the liquid film is treated as a two-dimensional
continuum. Its dynamics are governed by the balance
between the elastic driving force and a dissipative drag
force due to the sliding of the film with respect to the
substrate.

Vpap = —pop Metr V- (D

Here, pop « Pd, is the two-dimensional pressure and v
is the flow velocity. P is the applied normal force divided
by the contact area A. p,p is the two-dimensional mass
density and d;, the thickness of one monolayer. u.¢; is the
effective drag coefficient. Its value, as determined from a
layering transition n — n — 1, characterizes the dissipa-
tion within a film of thickness n. It was shown earlier that
various aspects of the dynamics of layering transitions
are correctly described by this model [9,16]. Under the
assumptions of circular symmetry, homogeneous pressure
P across the contact area, and position-independent fric-
tion s, A(f) is given by the implicit equation [15]

SN

Here, 7 = (pap MerrAg)/ (4 Pdy) is the total time of the
transition. The only adjustable parameter in this formula
is pepr. The fit curves are plotted as solid lines in Fig. 4(a).
The agreement with the experimental data shows that

n=2 boundary zone n=3

FIG. 3. Schematic of an expulsion process n =3 — n = 2.
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FIG. 4. Evaluation of the effective drag coefficient.

(a) Effective radius r(z) of the (n — 1) layer island for a series
of consecutive layering transitions. Symbols: experimental
data; lines: theoretical fits using Eq. (1). Main figure: transi-
tions 5 — 4 (open squares), 4 — 3 (circles), 3 — 2 (up tri-
angles; taken from the sequence in Fig. 2), 2— 1 (filled
squares). Inset: 2 — 1 transition on a different time scale. We
attribute the deviation between theory and experiment for this
transition to deviations from circular symmetry. (b) wess VS
film thickness (in units of d)). Different symbols refer to data
recorded at different locations on the same set of mica surfaces.
The solid line shows the result of our model with best fit values
of w5 and w;; (in units of 10'3 s™1). The dashed line represents
the asymptotic continuum limit.

squeeze out dynamics can be described by the laws of
two-dimensional hydrodynamics [17]. Figure 4(b) shows
best fit values for w ¢ as a function of n.

In order to understand the increase of w. with de-
creasing n, we consider the dynamics within the film
on a microscopic level. During the layering transitions,
the boundary zone propagates across the contact area
(from left to right in Fig. 3). There are three processes
involving these dynamics: (i) At the leading edge of the
boundary zone, the well-defined n-layer structure disap-
pears and the film becomes disordered. (ii) At the trailing
edge, the disordered structure of the boundary zone trans-
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forms back into a well-defined layer structure with thick-
ness n — 1. (iii) Because of mass conservation, the
material in the area of thickness n ahead of the boundary
line flows towards the edge of the contact area. [In con-
trast, the material in the (n — 1) area is at rest.] In prin-
ciple, all these processes give rise to dissipation. However,
the former two are related only to the boundary line,
which is a one-dimensional object. The last process in-
volves transport everywhere in the (much larger) two-
dimensional area of thickness n. Therefore, we assume
that process (iii) dominates the dissipation. Implicitly,
this assumption was also used in the PT model [15].

The thickness dependence of w.¢ can be understood by
extending the original PT model to films consisting of n
independent liquid layers. We assume that equations
analogous to Eq. (1) hold for each layer independently.
Coupling between adjacent layers is provided by analo-
gous viscous drag terms [18]. Furthermore, we assume
that the two-dimensional pressure p,p is distributed
evenly between the molecular layers, i.e., the stress acting
on each layer is given by p5, = pop/n. The velocity v; of
the ith layer is then determined by

Vphy = poplpii—1(v; = viey) + w1 (v — izl (3)

with i = 1---n. Here, u,;+; is the drag coefficient be-
tween layer i and i = 1. We introduce two different drag
coefficients w,;, and w; to describe the friction between
the solid substrates and the adjacent liquid layers and the
mutual friction between two adjacent liquid layers, re-
spectively; i.e., w10 = Mpp+1 = Mgy and  p;q =
Mii+1 = gy otherwise. This set of equations can be
solved easily for the velocities »;. The velocity of the
boundary line, which is the experimentally observed
quantity, is given by v, =>,»; (i=1---n) due to
mass conservation. The v;‘s follow a parabolic profile.
For n > 1, this discrete profile approaches the analytical
hydrodynamic solution for a Poiseuille flow »(z) =
((d/2)* = 29)/(2m)Vp + vg;,. Here, 7 is the bulk viscos-
ity of the liquid, z is the coordinate perpendicular to the
surfaces, and d is the film thickness. vy, = v, = v, is the
slip velocity [19]].

From Eq. (1), we find wes(n) = [Vpop/(pop v,
which is an implicit function of both w;, and w,. Best
fit values of u;, = (3.58 +0.3) X 1013 s7! and u, =
(0.2 £0.04) X 103 s=! were obtained by minimizing
numerically the mean square deviation between the
model function and the experimental data. The result is
shown as a solid line in Fig. 4(b). Since w; does not
depend on n in our model, w.(n) should converge for
n — oo towards the flow resistance u(d) of a thin liquid
film calculated in the hydrodynamic limit [20]. The latter
is given by u(d) = 127/(pd?) [dashed line in Fig. 4(b)].
In this limit, one obtains i nyaro = £/(papdy) = 0.3 X
10'3 s~1, which is remarkably close to the best fit value
obtained above. This means that the momentum transfer
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between adjacent liquid layers in thin films with well-
defined positional ordering perpendicular to the solid
surfaces is of the same order of magnitude as the coupling
between equivalent “layers’” of the same thickness in a
bulk liquid with random positions in all three dimen-
sions. These findings are in qualitative agreement with
recent nonequilibrium molecular dynamics simulations
[21]. Apart from the d~? dependence, which is due to the
two-dimensional character of the model, the increase of
Merr With decreasing film thickness thus arises only from
the increasing weight of u;; compared to u; [22].

There is an ongoing debate in the literature, whether
thin liquid films solidify [6] under confinement and/or to
what extent their dynamics are slowed down [7,23].
Obviously, we explained our experimental observations
for the same system without alluding to confinement-
induced solidification. However, the present experiments
refer to a dynamic situation. It is conceivable that the
films are solidified in equilibrium, but liquefied under the
conditions of the present experiments. This requires that
the critical shear stress o, required to either shear melt
such solidified layers or to depin them from the solid
substrates is smaller than Vp,p in our experiments, i.e.,
0. <Vpyp = Pdy/R = 0.1---1kPa [24]. If solidified
in equilibrium, thin OMCTS layers would thus be ex-
tremely soft solids.
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